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TrtiM(7TlQMAIX<;ATlQN OF PARTICLES 

100011 The present application describes a process for tho surface activation and/or 

surface fuDctiomusation of particles using excited and/or unstable gas processes that can be 
scaled-up for industrial production. 

[00021 The need to compatibilise, or disperse inorganic and organic particles into product 
compositions is a major concern in many industries. This may, for example, he due to major 
difficulties in achieving acceptable particle dispersion, a factor which is often determined at 
least partially by the size of the particles and their surface chemistry. I he surface chemistry 
of most solids, liquids or gel-like particles are determined by the manufacturing processes 
concerned. Furthermore, often after preparation particles can be stored fot a long time before 
use and during this period there is a tendency for agglomeration to occur which can result in a 
change to their overall surface properties. 

[0003J Even when a dispersion step is successfully completed the particles may need 
appropriate chemical functionalities to interact or hind to a matrix such as a polymeric, 
polymerisable and/or cross-linkable material. The need to specifically fonctionalise a solid 
substrate with an organic group bearing a chemical functionality compounds the problems 
regarding dispensability and ts a widespread problem for many industrial process and can lead 
to the need for complicated processes merely to render partiole* suitable for dispersion or the 
like. Problems are particularly seen for example in the case of active biomolecules (e.g. 
enzymes) where it is important to attach the biomolecules to a substrate without impairiug the 
biological activity. 

[0004J Another problem is a need for the passivation of inorganic powdered pigments m 
order to avoid skin irritation and other such problems in medical and toiletry type products. 
An example for the need of passivation is in the recycling industry for rubbers and plastics, 
for example in the automotive sector to achieve mechanical performances matching those of 
new polymer based products for minimal cost Examples may include the recycling of natural 
and synthetic SBR rubber from tyres, and the recycling of ethylene propylene diene 
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mechanical performance hoc c^ercialissfion possibility must V confirmed. B 
„„ — «* *. recycling a- ^ — »~ — * "* 

Varions groups in the world have looked at ways of recycling tyre rubber. 

,00,5) Current recycling appmaches for tyre rubber genemfiy involve rhc irKorporalion of 
^ particles (commonly referred to a, "nrbbcr erumb"> into a po>ymar run tnx^rm 

composites. u^«ta-*^J^*— «^~~^ ,,, * — 
betaoae of the low surface energy or low chemical activity of the organs surface. 

,0006, P^.aanatle^P^ylonlaedg^n^um.m^ofe^tec.un^bU^ 

^ ^ energy, * tompcreture — — » *" 

*Jd and. dun, to a gaseous eta*. Confinuing to su ^ energy causes the sy^ lo "nder^ 

^ a ft*- m vdneh «*nd sinms or mole«*. of the g« -P. W 

l^cnW^topn^ne^^.b^e.^^oeneg^v^ch,^ 

Omcr speuies tesnlnng don. plasma tmaunen. of a g» inch* hi* _«r non^^ 
„ an* . gas molecules in excited states. meius*bre compounds. mo.ecn.ar fiagmerts 

P"™ . , . . 1 -xhibifine coUective tjchaviour is 

and or ffidicals. This mix of excited and charged particles exhibiting co 
cP^-plaama-.lhetW.^ of manor. The plasm, is drtta* neutral and thenefcre 

i, aero. The plasm, phase .. obtmueu in the laWatory by anting a pure g* - a gaaeons 
mixturt to external exenadon, which la most generally electrical. 


10007! T±ma-^™**-*** m ~ 1, * mim *' 9 * t 'TT 
hymanyordemofmagnhude. Some, ^sm very ho. ^ all dieSrunomscopicspec.es 

U widely dl«ti*u^mrou# ssimicAno.^lev.1 coffisi^exrenptes mctadc fltfne 
Hplasnl On^plasn^however.pamcn^d^a.lowpressum^^Pa)^ 


vary 
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coitions am relatively infrequent, have their constituent species at widely different 
temperatures and are called "non-thennal non-equilibrium" plasmas. 

(00081 these non-thermal non-equilibrium plasma*, the free electrons are very hot 

with temperatures ofmany thousands of Kelvin <K) whilst the neutral and ionic species remain 
cool. Becausefcefreeelectmnshave^ 

low and me plasma operates closeto room temperature thus allowing the processing of 
temperature sensitive materials, such as plastics or polymers, without imposing a damaging 
thermal burden. The hot elections create, through high energy collisions, a rich source of 
radicals and excited and/or unstable . species with a high chemical potential energy capable of 
pmfoundcheniicaJ^ It is mis combination of low temperature operabon 

plu^bigbmacuvitywhi^ 

a very powerful tool for manufacturing and material processing as it is capable of achievmg 
processes which, if achievable at all without plasma. would require very high temperatures or 
noxious and aggressive chemicals. 

[00091 Because of their potential in industrial applications atmospheric pressure plasma 
(APP) systems are of particular interest to induslry. APP is a form of atmospheric pressure 
non-equihbrrom plasma and is generated between two parallel electrodes that vary in sizes 
and configurations but which need to be within several mm distance from each other. 
Depending on the electrical circuitry and on systems configurations, atmospheric pressure 
glow discharge (APGD) and/or dielectric barrier discharge (DBD) plasmas are generally 
produced. Advantageously, when compared to many plasma-based systems currently 
available, APP operates at about atmospheric pressure and at low temperatures low 
temperatures (<200*C and preferably *100«>C). However, limitations exist with to 
system geometry, because the plasma is produced in a plasma region between parallel 
electrodes with very small gaps between electrodes. It is ideally suited to treat flat, thin and 
flexible substrates like plastic films, textile webs, etc. 

,00101 In Ihe case Of the preparation of powders using APGD type processes, one problem 
regarding the geometry of the system is that during the generation of the particles, reacted 
reagents and/or treated particles may deposit on the electrodes thereby affecting the electrical 
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and chemical properties of the plasma and potentially the duration of usefulness of the 
electrodes. Furthermore, the u$e and or preparation of electrically conducting particles using 
APGD j$ difficult as such particles would interact with the electrical field and create 
filaments or local discharges and potentially adhere to electrode surfaces. 

[001 J 1 Recently, new plasma system have been developed which produce plasmas using high 
gas flows between the electrodes of an electrical system. These gases exit the system in the 
form of excited and/or unstable gas mixtures at around atmospheric pressure. These gas 
mixtures are characterized by being substantially free of electrical charged species which may 
be utilized in downstream applications distant from the g^p between die electrodes which 
generates the plasma. This "atmospheric pressure post plasma*' (APPP) has some of the 
physical characteristics of low pressure glow discbarge and APGD including, for example, 
glow, presence of active light emitting species, chemical reactivity. However, some clear and 
unique differences exist including the facts.that APPP has higher thermal energy* absence of 
boundary walls e.g. no electrodes, substantial absence of electrically charged species, large 
choice of gases and mixture of gases, large flow rate or gases. 

[0012] US580761S describes a "post discharge* atmospheric pressure plasma system for 
depositing e.g. silicon oxide films on metal substrates wherein a "primary" gas is excited by 
being passed through a plasma and is then mixed with a precursor gas downstream of the 
plasma. The precursor gas was a silicon containing compound which has not been plasma 
treated Hie precursor gas was excited by interaction with the primary gas resulting in the 
formation of a film on a substrate surface. The post discharge nature of this system resulted 
in the substantial absence of any electrically charged species other than in the plasma region 
between the electrodes. Column 3 lines 33- 40 states that "since the silicon precursor gas has 
not passed through the apparatus the risk of forming silica powder (or more generally 
powders of silicon compounds) inside the plasma discharge is consequently eliminated." 
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[1)013] The treatment of powdered substrates using atmospheric pressure plasma has 

been previously described. In JP 06-000365 there is provided an apparatus for continuously 
plasma treating a powdered substrate by coaxially pi voting a metallic inner and outer 
cylinders at least one side of the outer cylinder being coated with a dielectric to form a fixed 
gap between the cylinders* inclining the cylinders and passing a voltage across the electrodes 
to effect the atmospheric pressure plasma treatment of a powdered substrate. In JP 06- 
228739 there is provided a means for surface treating a powdered substrate by atmospheric* 
pressure glow discharge by gas floating the powdered substrate with a tare gas or mixture of a 
rare gas and a gaseous reactant The treatment occurs in a substantially cylindrical vertical 
positioned reaction vessel at the bottom of which gas is introduced to float the powdered 
substrate and the exit is nnt of the top of the vessel carried by the gas having been first 
subjected to and atmospheric-pressure glow discharge at a pressure higher than atmospheric 
pressure. In US5399832 there is provided a method for treating and/or coating an organic or 
inorganic powdered substrate using an organic monomfcr with atmospheric pressure glow 
discharge. 

[0014] In WO 97/29156 there is provided a method of treating deagglomerated particles 
with plasma activated gas to modify the surface of the particles and species. BP 06555 1 6 ' 
describes the coating/surface treatment of $olid particles using a plasma fluidised bed in 
which a plasma is generated outside the fluidised bed using a gaseous coating material and a 
carrier gas which excited mixture is subsequently introduced into the fluidised bed for coating 
particles. Leroy etal., have described a process involving the treatment of a polyethylene 
powder using a remote nitrogen plasma reactor coupled with a fluidised bed fa Plasmas and 
Polymers 8(1) 2003 p 13 - 29. Mori et al describe the development of silica coating methods 
for powdered pigments with atmospheric pressure glow plasma in Thin Solid films 3160,2) 
1 998 p 89 - 92 and Ogawa et al. describe the preparation of zirconia coatings on amorphous 
magnetic powder by atmospheric pressure glow plasma in Thin Solid Films 386(2) 2001 p 
213-216* US 6428861 describes a system for treating particulate matter in a continuous or 
semi -continuous mode at sub-atmospheric pressure, Quede et al., (J. Materials ScU 37, 2002 
p 1395 - 9) have described a cold remote nitrogen plasma system used to treat polyamide-6 
and polyami dc-6 clay nanocomposite powders and subsequently coating them with plasma 
polymerized 1,2,3,3-tetfamethyldisnoxanc. The reactor was used to deposit the coating on the 
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polymer powders in fl fhiidized bed reactor. US 6241 858 describes a vacuum plasma process 
for coating a thin film onto powdered substrates. 

100151 All of the aforementioned prior art generally relates to the activation of the 

powdered substrate or applications of coatings using gas phase precursors and typically the 
results suggest low deposition rates and require high residence times to obtain a sufficiently 
coated surface. 

[00161 WO 02/28548 describes a process for enabling the introduction of a solid or liquid 
precursor into an atmospheric pressure plasma discharge and/or an ionised gas stream 
resulting therefrom in order to form a coating on a substrate. The substrate may be a powder. 
PCT7EP03/04346 which was published after the priority date of the present invention 
describes a method of forming a coating on a powdered substrate within the plasma generated 
between the electrodes using a process adapted from WO 02/28548, 

1001 7| In accordance with a first embodiment of the present invention there is 

provided A method of functionalising a powdered substrate, which method comprises the 
following stcps:- 

i) passing a gas into a means for fbiming excited and/or unstable gas species.; 

ii) treating said gas such that upon leaving said means the gas comprises excited 
and/or unstable gas Species which are substantially free of electric charge; at a temperature 
below 400°C 

iii) treating the powdered substrate with said excited and/or unstable gas species 
and a functionalising precursor both of which have not boon subjected to steps (i) and (ii); in 
a downstream Tegion external to the means for forming excited and/or unstable gas, wherein 
said flmctionalising precursor is introduced simultaneously with or subsequent to introduction 
of the powdered substrate; 

iv) collecting resulting fimctionalised substrate. 


10018] For the purposes of this application a powder is a solid material in the ftnn of 
nanoparticles, nanotubes, particles, particulates* pellets, platelets, needles/tubes, flakes, dust> 
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Emulates and any aggregates of the aforementioned forms. A gel is typically a jelly-like 
material in me form of a thin film or solidified mass. It is to be understood that the term 
"electrically charged species* as used herein b intended to mean ions and electrons. 
Functionalisation in accordance with the present invention is to be understood to mean grafting 
a functional group or compound hearing functional groups onto and/or into a substrate. 
Functionalisation may also include coating or encapsulation of foe substrate by grafting or 
covalcnt bonding with a compound bearing functional groups. 

10019] The means for forming excited and/or unstable gas specie* at a temperature of 
between 10°C and 500'C treats gases passing between the electrodes, which gas upon leaving 
said means comprises excited arid/or unstable gas species which are substantially free of 
electrical charges. Such excitation is preferably obtained by electrical discharge, for example, 
of the dielectric barrier discharge typo and/or non-thermal eqrolibrium plasma type. However, 
any other method capable of exciting a gas mixture such as glow discharge and/or dielectric 
barrier discharge and/or corona discharge, light radiation assisted e.g. laser, and any high 
energetic means is falling within the scope of this invention. . The excited gas mixture is 
generated in anon-thermal equilibrium plasma and/or dielectric barrier discharge and/or 
corona discharge under approximately atmospheric pressure conditions (eg. from about O.lx 
10 s Pa to about 3 x 10 5 Pa but preferably at a pressure of between from about 0.5x 10 s Pa to 
about 1 3 x 1 0 s Pa). Such a means is adapted to piuviu* a post plasma discharge region of 
excited and/or unstable species downstream from and preferably external to the means for 
forming excited and/or unstable gas species. Henceforth mis region will be referred to as 
"the downstream region". The downstream region is generally substantially free of charged 
particles. The operating temperature of the means for forming excited and/or unstable gas 
species is between 10 and 400°C. Preferably the operating temperatures of such apparatus is 
from about room temperature (i.e. about 20'Q to about 2Q0°C but more preferably, the 
method of the present invention will operate at temperatures between room temperature (20 ° 
O and 1 60° C. Preferably, gas to be plasma treated has a high flow rate of greater than 50 
litres/min , preferably in the range of from 50 liWmin to 500 lirres/min, more preferably 
W about 75 hWmin to 300 liWmin through the means for forming excited and/or 
unstable gas species. 
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10020] Any equipment suitable for use in producing a downstream region may be 

ased to undertake the method of the present invention. The means for forming the excited 
and/or unstable gas species may, for example be any moons for generating a downstream 
region which is preferably substantia,* free of charged species and which is suitable for use 
in the method in accordance with the present invention. An Atmospheric Pressure Non- 
E^ihbrium Plasma system, particularly an atmospheric pressure glow discharge having a 
MghgasAowrateCgreat^^^ Many atmospheric pressure 

based plasma system, such as B tew discharge dielectric barrier diseh^e (DRH) baKed 
systems typically have low gas flow ratesystems (under 50 Utres/rnin) in which the plasma ts 
generated between adjacent electrodes and do not provide a downstream region of the type 
required in accordance with the present invention and as such arc unsuitable for the 
preparation of particles in accordance with the present invention. 

10021] Themeans for forming edited and/or unstable gas species may alternatively be a , 
dielectric tuurier discharge and/or corona discharge system having a nigh gas flow rate ofat 
least 50 titres/min so as to provide a snitable downstream region, which is preferably 
substantially free of charged species for treating the functionalising precursors in accordance 
with the method of thepreaent invention. Particularly preferred systems include the galled 
plasma jet and plasma knife type systems. 

F0022I Particularly preferred systems for the present invention are the means for forming 
excited and/or unstable gas species as described in US 5941448 and/or in die applicant's co- 
pending application PCI7EP03/04345, when used with a dynamic gas flow. 
PCT/EP03/04345 was published after the priority date of the present invention. 

l0 023] The preferred system comprises a concentric cylindrical electrode configuration 
having an inlet for the introduction of the gas to be excited and an outlet, in the form of a slit, 
through which excited and7or unstable gas is able to leave the excitation region. The 
excitation region is substantially the gap between adjacent pairs of concentric electrodes 
where a plasma is formed and/or dielectric barrier discharge and/or corona discharge occurs. 
The electrode configuration typically comprises an inner cylindrical electrode and an outer 
concentric tubular elcc^ode. At least one ofme electmdes has a layer of a melecmc material 
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between it and die other electrode. Preferably at least the inner face of the outer electrode is 
covered with a dielectric material. The slit is provided along most of the axial length of the 
electrode configuration in order to provide an elongate source of excited antf/or unstable gas 
in the downstream region into which ftmctionalistng precursor is introduced. 

(0024) By adding functionalising precursors in the downstream region, which is 
substantially free of charged species, powdered compounds mixed with functionalising 
precursor in accordance with the method of present invention may be functionolised. 

|0025] In such cases a plume is visible substantially immediately external to the slit which is 
generally considered to be caused by excited and/or unstable species (atoms and molecules) 
e.g. metastables, giving off energy when returning to their ground state after having been in the 
downstream region. 

100261 The geometry or the above electrode configuration means that a system of this type 
offers unique advantages that allow practical, economic, and large-scale production* 

10027] A typical means for ftirming excited and/or unstable gas species for use in the 

method of the present invention may comprise an electrode configuration comprising one or 
more pairs of concentric electrodes between which & pla$ma is generated and/or dielectric 
barrier discharge and/or corona discharge occurs in a substantially constant gap of from 1 to 
100mm, preferably from 2 to 10 mm between the electrodes. The electrodes being radio 
frequency (RF) energised with a root mean square (nns) potential of 1 to 100 kV, preferably 
between 1 and 30 kV and most preferably between 2 J and 10 kV, however the actual value 
will depend on the chemistry/gas choice and plasma region size between the electrodes* The 
frequency is generally between from Ho 500 kHz, preferably at 1 0 to 300 kHz. Preferably, 
the power used m the apparatus is preferably greater than or equal to L W/cm 2 , more 
preferably greater than or equal to 10 W/cm 2 and most preferably will be between from about 
10 to about 100 W/cm 2 (normalised per unit surface area of dielectric). 

[0028] Metal electrodes may be used and may be in, for example* the form of metallic 

cylinders, tubes* plates or mesh. The metal electrodes may be bonded to dielectric material 
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either by adhesive or by some application of heat and fusion of the metal of the electrode to the 
dielectric material Alternatively one or more of the electrodes may be encapsulated within a 
dielectric material or may be in the form of a dielectric material with a metallic coating such as> 
for example a dielectric preferably a glass dielectric with a sputtered metallic coating. 


[00291 The dielectric materials may be made from any suitable dielectric, examples 

include but ore not restricted to polycarbonate, polyethylene, glass, glass laminates, cpoxy 
filled glass laminates, ceramics and the like. 

10030] The gas used to foim the excited and/or unstable gas species which are provided 

to the downstream region need not comprise noble gases such as helium and/or argon and 
therefore may be solely air, nitrogen, oxygen, hydrogen or the like and any suitable mixture 
thereof. Where an oxidising or reducing gas is required to be included in the gas used to form 
the excited and/or unstable gas species, the gas used may comprise a mixture of, for example, 
nitrogen with an appropriate oxidising gas such as 0 2 , H 2 0 7 C0 2 , CO, nitrogen oxides (such as 
N0 2 > or air and nitrogen with an appropriate reducing gas, eg. H2, CKx or NHj when a 
reducing plasma environment is required. However, the selection of gas dependR upon the 
plasma processes to be undertaken. Oxidizing or reducing gases will be used alone or in 
mixtures, typically with nitrogen in any appropriate mixture such as for example in the case of 
an nitrogen and oxygen mixture, the mixture may comprise 90 - 99.S#S% nitrogen and 50ppm 
to 10% oxidizing or reducing gas. The noble gases, An He, Ne, Xe and Kr may be utilised 
alone or in combination with oxidising or reducing gases (Ar and/or He bfcing the most 
preferred) but are expensive and as such arc only used if needed Mixtures of any of the above 
may also be used where deemed appropriate* 

[0031] Under oxidising conditions, the present method may be used to form an 
oxygen containing coating on the powdered substrate. For example* silica-based coatings can 
be formed on the powdered substrate surface from atomised silicon-containing coating- 
fonning materials. Under reducing conditions, the present method may be used to form 
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oxygen free coatings, for example, silicon carbide based coatings may be formed from 
atomised silicon containing coating forming materials. 

[0032] The introduction of the excited and/or unstable gas species into the downstream 
region is preferably achieved by passing a gas, at a high flow rate (e.g. greater than 50 
litres/min), through the electrode configuration of the means For forming excited and/or 
unstable gas species as described above,, which when a potential difference is applied between 
the electrodes generates a plasma or dielectric barrier discharge and/or corona discharge 
between adjacent pairs of electrodes* When a plasma is generated between the electrodes, the 
gap between die electrodes will contain an ionised gaseous medium* comprising excited and 
ionised atoms and molecules and will emit visible and UV radiation. Gas having passed 
between the electrodes and out through the slit comprise an excited and/or unstable gas mixture 
which is substantially free of electrically charged species us substantially all the charged species 
will Terrain in the gap between the electrodes. The visible plume which is observed at the slit is 
the effect of the excited and unstable atom$ and molecules giving off energy when returning to 
their ground state. 

[0033] Whilst gases may be excited due to microwave excitation in the method of the 
present Invention, this Js not a preferred option. 

[0034] The powdered substrate may, be introduced into the downstream region by any 
suitable means, for example, powder may be introduced by merely being dropped under 
gravity into or through the downstream region or may be transported therethrough on a 
support or the like such as on a reel to reel support, conveyor bolt or vibrating cuuvcyur. In 
one preferred embodiment the powder enters the downstream region in a fluidised or 
circulating bed. Alternatively the powdered substrate may be entrained on a carrier gas or 
transported in a vortex or dual cyclone type apparatus. 

[0035] The functionolised precursor is preferably in the form of a liquid and/or gas 

precursor. For die sake of this invention a liquid shall be understood to mean liquid 
compound, a solution of a high viscosity liquid or solid compound in either a liquid carries: or 
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a liquid ce-reactivc and/or a molten solid. When using a liquid fonctionalising precursor, the 
liquid functionalising precursor may be entrained on a carrier gas or transported in a vortex or 
dual cyclone type apparatus, in which ease the liquid to be treated may be fcd in through ono 
or more inlets within e.g. a fluidised bed. 

10036] In one preferred embodiment of the present invention there is provided a single unit 
comprising the means for forming excited and/or unstable gas species, a powder introduction 
means for introducing powders to be mnctionaliscd into the excited and/or unstable gas, a 
functionaJising precursor introduction means for introducing fonctionalising precursors into the 
excited and/or unstable gas and a suitable means of collecting the end product e.g. by way of 
an electrostatic precipitator, a cyclone, a scrubber, or filter system or the like. Preferably the 
means for collecting the end product may be positioned downstream of the excited and/or 
unstable gas regions, particularly in cases where the resulting product particles are very fine 
e.g. nanoparticulate size particles where the particles float in e.g. a fluidiiied or circulating bed. 

|0037J Preferably the single unit is a fluidised or circulating bed reactor. Particularly 
preferred is a system wherein the means for forming excited and/or unstable gas species is 
positioned such that the gas which is used as the source of excited and/or unstable gas species 
in the downstream region at the base of the fluidised or cumulating bed reactor is also utilised 
as the gas supporting the fluidised or circulating bed. The use of a fluidised or circulating bed 
type of system results in excellent mixing and thereby a generally consistent product particle 
size, which may be substantially predetermined by pre-$etting the exposure time of the 
functionalising precursors in the downstream region of the fluidised or circulating bed. ] 
The functtonaUsed and noii-fhnctionahscd powder circulating in the fluidised or circulating 
bed will be transportable through both the downstream region and where appropriate through 
the external plume. 


[0038] Furthermore, the powdered substrate and/or functionahsed precursor may be 
maintained stationary in a suitable container which may be fixed in the downstream region, in 
which case, if required, the means for forming excited and/or unstable gas species may be 
moved relative to the container and the nmcdonausing precursor way bo adapted to be 


Dot 03 17x06 


p* 17 


- 13 - 

introduced directly into the container. Whichever means of transporting and/or retaining the 
powdered substrate is utilised* it is preferred that the exposure time in which powdered 
substrate remains within the downstream region 13 constant in order to ensure an even 
treatment throughout the duration of the method in accordance with the present invention. 

[0039] Additional gas inlets or exits from external gas sources and/or additional means for 
forming excited and/or unstable gas species may be positioned anywhere in the flutctised or 
circulating bed e.g. at the bottom, side or top of the reactor, to assist in suspending particles 
and/or droplets or the like against gravity. Each of said additional means would utilize the 
source of gas as the gas for the fluidised or circulating bed. A single acoustic self-oscillating 
jet plasma head may be utilised to offer dynamic mixing/fluidisation in the fluidised or 
circulating bed as well as forming a plasma between electrodes. 

[0040J Preferably, both particles of functionalised and non-functionalised powders which 
are present in the downstream region in accordance with the present invention (preferably in a 
fluidised or circulating bed), are prevented by the flow rate of the excited and/ox unstable gas 
entering the fluidised or circulating bed through the slit from passing into the electrode 
configuration through the exit slit and depositing on one of the electrodes. However where 
appropriate an electrically conducting mesh may be placed in the fluidised or circulating bed 
external to the outer electrode, preferably between the external plume and the downstream 
region. The inclusion of the mesh may serve several purposes, firstly it significantly reduces 
the opportunity for and preferably prevents particles of functionalised and. non-fuoctionatised . 
powders obtained in accordance with the method of the present invention, entering the slit 
and depositing on an electrode surface. Secondly it also substantially prevents any residual 
charged species from entering the downstream region and thirdly it acts as a means of 
distribution for the gas being introduced into the fluidised or circulating bed, i*e> it will spread 
the entry of gas into the fluidised or circulating bed. The electrically conducting mesh maybe 
made from any suitable material but is preferably made from stainless steel, copper or the 
like. 

[0041 1 In many means for forming excited and/or unstable gas species suitable for use in 
the method of the present invention there may be substantially no charged species introduced 
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into the downstream region or in flic visible plume projecting outwardly from the slit in the 
electrode configuration. Hence, substantially all charged species formed during excitation of 
the gas remain between the electrodes which generate a plasma and/or where dielectric barrier 
discharge and/or corona discharge occurs. The visible plume is substantially (he effect of 
high energy neutral particles such as metastable atoms and/or molecules giving off energy 
when returning to their ground state. However, other systems may contain charged particles 
withm the visible plume. Preferably the electrically conducting mesh has a voltage applied to 
it such that il will attract or repel all positively or negatively barged molecules present in the 
plume and thereby prevent said charged molecules from entering the downstream region in 
the fluidised or circulating bed. 

100421 In the case where a fluidised or rotating bed is utilised non-functionalised powder 
and/or fictionalising precursor may be introduced into the bed at any appropriate position 
but is preferably introduced direcUy into the downstream region^ of excited and/or unstable v 
gas. 

[0043J Alternative reactors which may be utilised for the method in accordance with the 
present invention include, for example rotating drums, rotary kilns, jet mixers, flat bed reactors 
(FBR) with recycle/ageing loops, static mixing reactors, sonic mixing reactora, vibrating beds, 
conveyor belts, tumblers alone or in-any suitable combination. 

[0044] Preferably ageing and/or recycling loops may be provided. These maybe particularly 
useful when a predetermined particle size is required with respect to the functionalist 
powdered product 

[00451 Functionalised particles resulting from the method in accordance with the present 
invention may be collected by any suitable means for example they may be collected by 
electrostatic precipitators, filters, cyclones, scrubbers and/or electrophoresis and the like. 
Other options for collecting the resulting product include a statically electric charged porous 
plate or a vibrating sieve placed in line with the exit of the powdered particles ftom the 
plasma region to collect the resulting powdered particles. 
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[00461 The powdered substrate interacts with the exciled and/or unstable gas and 
fimctionalised precursors in the downstream region. The excited and/or unstable gas 
comprises high energy non-charged particles such as gas molecules in oxoitod states, 
metastable atoms and/or compounds, molecular fragments and/or radicals. 

[00471 The method in accordance with the present invention is particularly suited for 
functionalising powdered substrates which are sensitive to other functionalising type 
processes and are particularly useful for functtonalismg powdered substrates which are 
sensitive to, for example, heat, temperature and UV light 

[00481 The powdered substrates to be functionalised may comprise any suitable material, 
for example metals, metal oxides, silica and silicates, carbon, organic powdered substrates, 
including polymeric, dyestuffs, fragrances, flavourings, pharmaceutical powdered substrates 
such as penicillins and antibiotics as well as biologically active compounds for example 
proteins, including enzymes and other protein based materials. The powdered substrate may 
also comprise biochemical compounds such as amino acids and/or their derivatives, grafted 
or covalcntly bonded biochemical compounds such as proteins, enzymes and DNA, silicone 
rosins, mineral fillers such as for example carbon black, clays, CaCOa. talc, silica, mica 
conductive fillers, T1O2 nanoparticles, metal oxides such as Ti0 2 , ZrO*, Fe 2 03 A1 2 0 3 SiQt, 
B 2 0 3 , Li 2 0, Na 2 0, PbO, ZnO, or, CaO, Pbj0 4 and CuO and mixed oxides, graphite, 
phosphorus particles, pigments and the like; metalloid oxides, mixed oxide, organojmetallic 
oxides, organometeUoid oxides, organomixed oxide resins and/or an organic resin, sodium 
carbonate potassium nitrate, silicon metal particles, silicone rubber crumb, organic rubber 
crumb such as EPDM and Polypropylene 

[0049J It is to be understood that the functionalising precursor may be used to 

functionalise any appropriate powdered substrate and/or chemically modify an existing 
powdered substrate surface. The type of functionalist lion formed on the powdered substrate 
surface is determined by the functionalising precursor and gas used to form excited and/or 
unstable species in accordance with the present invention. 
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[00501 Organometalloid liquid functionalised precursors may contain any suitable 

groups, in addition to the functional group of interest, which may react into excited and/or 
unstable gas into which the precursor is introduced in accordance with fro present invention 
to form the respective fictionalised powdered substrate. In particular, in the case of silicon 
based fictionalised precursors, for functionalising silicone resins, preferred groups present 
on the precursor include hydrogeno atoms, hydroxyl groups, cpoxy groups, an acryloxy 
group, an alkylacryloxy group, alkoxy groups and chloro groups, or alky! or arly groups 
bearing one or mo« of the functionalities described above. Examples of suitable metalloid 
alkoxides include silicon tetramcthoxide and germanium tetraisopropoxide. R is to be 
understood that the term organometalloid liquid as used herein includes polymers of 
brganometalloid elements and in particular in the case of silicon preferably include liquid 
organosilanes such as. for example diphenylsilane and dialkylsilanes, eg. diethylsilane and 
functionaliscd ailanes containing one or more of the following:, alkenyl, *tyl, H, OH. amino 
groups, aldehyde groups alkyi halide groups, alkyne groups amido groups, carbamate groups.:, 
uretbane groups, organic salts, carboxylic acid groups and their derivatives such as acid 
anhydride groups, organic groups containing boron atoms and phosphorus and sulphur 
containing groups such as mercapto and sulphide groups and grafted or covalently bonded 
biochemical g^ups such » amino acids and/or their derivatives, grafted or covalently bonded 
biochemical species such as proteins, enzymfes and DNA. 

[0051] Alternatively, the precursor for siheon based products may comprise linear, 

branched and/Or cyclic organopolysiloxanes for the formation of silica and silicates (silicone 
resins). The linear or branched organopolysiloxanes suitable as liquid precursors for the 
method of the present invention include liquids of the general formula W-A-W where A is a 
polvdiorganosUoxane chain having sUoxauc units of the formulaR-sSiO 4 ^ in which each R« 
independently represents an alkyl group having from 1 to 10 carbon atoms, an alkenyl group 
such as vinyl, propenyl and/or hexenyl groups; hydrogen; an aryl group such as phenyl, a 
halide group, an alkoxy *roup, a silanol group, an epoxy group, an acryloxy group, an 
alkylacryloxy group or a fluorinated alkyl groupandgeneraUy shasavahieof2butmay in 
some inshiuw* be 0 or 1 . Preferred materials are linear materials i.e. b = 2 for all unite- 
Preferred materials have polydiorganosiloxane chains according to the general formula - 
(R- 2 SiO)nr i* which each R" may be the same or different and is as hereinbefore described 
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and m has a value from about 1 to about 4000. Suitable materials have viscosities of the 
order of about 0-65 mPa.s to about 1 T 000,000 mPa.s. When high viscosity materials are used, 
llicy may be diluted in suitable solvents to allow delivery of liquid precursor in tho form of a 
finely dispersed atomised spray, or fine droplets, although as previously discussed, it is 
preferred to avoid the need for solvents if possible. Most preferably, the viscosity of the 
liquid precursor is in the range between about 0.65 mPa.s and 1000 mPa,s and may include 
mixtures of linear or branched organopolysiloxanes as hereinbefore described suitable as 
liquid precursors. 

10052] The groups W may be the sarne or different. The W groups may be selected, 

for example, from -Si(R tt )zX, or 

-Si(R") 2 -(B) d -R r "SiR"K(X)3.K 
.. ■ • , 

where B is .R T,, -(Si(R">2~U)r-Si(R t V and 

R" is as aforesaid, R en is a divalent hydrocarbon group r is zero a whole number between T % 
and 6 and d is 0 or a whole number, most preferably d is 0, 1 or2, kisO, l,2or3,Xmaybe 
the same as R H or a hydrolysable group such as an alkoxy group containing alkyl groups 
having up to 6 carbon atoms, an epoxy group or a methaciyloxy group or a halide. 

(0053] Cyclic organopolysiloxanes having the general formula <R tt 2SiO wherein 

R" is hereinbefore described, n is from 3 to 1 00 but is preferably from 3 to 22, most 
preferably n is from 3 to 6. Liquid precursors may comprise mixtures of cyclic 
organopolysiloxanes as hereinbefore defined. 

[00541 The functionalised precursor may alternatively comprise suitable organic materials 
include caxboxylates, methacrylates, acrylates, styrenes, methacrylomtrilcs, alkenes and 
dienes, for example methyl methacrylate, ethyl methacrylate, propyl methacrylate, butyl 
methacrylate, and other alkyl methacrylates. and the corresponding acrylates, including 
otganofunctional methacrylates and acrylates, including glycidyl methaciylate, 
trimethoxysilyl propyl methacrylate, allyl methacrylate, hydroxycthyl methacrylate, 
hydroxypropyl methacrylate, dialkylaminoaDsyl methacrylates, and fluoro alkyl 
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(meth)aciylates, methacrylic acid, acrylic acid, famaric acid and esters, itaconic acid (and 
esters), maleic anhydride, styrene, a-melhylstyrene, halogenated alkenes, Tor example, vinyl 
halidcs, such as vinyl chlorides and vinyl fluorides, and fluorinatcd alkenes, for oxatnplo 
perfhioroalkenes, acrylonitrilc, mcthacrylonitrilc, ethylene, propylene, allyl amine, vinylidenc 
balides, butadienes, acryiamide, such as N-isopropylacrylamide, raethacrylamide, epoxy 
compounds, for example glycidoxypropyltrimetboxysilane, glycidol, styrene oxide, butadiene 
monoxide, ethyleneglycol diglycidylethcr, glycidyl mcthacrylatc, bisphenol A diglycidyleflicr 
(and its oligomers), vinylcyelohexene oxide, conducting polymers «uch a$ pynX>le and 
thiophene and their derivatives, and phosphorus-containing compounds, for example 
dimcthylallylphosphonate. Organic runctionahsing precursors may also include an organic 
compound comprising any one of the following groups alkenyl, aryl. H. -OH, amino groups, 
aldehyde groups alky! halide groups, alkyne groups amido groups, carbamate groups, 
urelhane groups, organic salts, carboxylic acid groups and then- derivatives such as acid 
anhydride groups, organic groups containing boron atoms, phosphorus and sulphur containing 
groups such as mercapto and sulphido groups and grafted or covalemiy bonded biochemical 
groups such as amino acids and/or their derivatives, grafted or covalently bonded biochemical 
species such as proteins, enzymes and DNA. 

[0055] Suitable inorganic coating-forming materials include metals and metal oxides, 
including colloidal metals. OrganuiueUdlic compounds may also be suitable coaling-funning 
materials, including metal alkoxides such as titanates, tin alkoxides, zirconales and aBcoxides 
of germanium and erbium and mixtures thereof to make ceramic coatings on the powdered 
materials. 

[0056| When using a functionaliscd precursor in liquid form, the liquid may be brougit into 
contact with the excited and/or unstable gas by any suitable means. In a preferred 
embodiment the liquid precursor is preferably introduced into excited and/or unstable gas by 
way of a liquid spray through an atomiser or nebuliser (hereinafter referred to as an atomiser) as 
described in the applicants co-pending application WO 02/28548. This provides the invention 
with a major advantage over the prior art in mat the liquid precursor may be introduced into 
the excited and/or unstable gas in the absence of a carrier gas, i.e. a liquid precursor can be 
introduced directly into the excited and/or unstable gas by. ibr example, direct injection 
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directly into the excited and7or unstable gas. Hence, the inventors avoid the need for the 
essential features of U$ 20020192138 that as discussed above requires both very high 
working tcmpoiatiues and the need for the didts to he in a vaporous form. 

[0057] Any suitable atomiser may be utilised for the atomisation and introduction of 

said liquid precuisor, examples include the use of an ultrasonic nozzle or pneumatic 
nebulisers and nozzles. The atomiser preferably produces a liquid precursor drop size of from 
10 wtt to lOOpm. more preferably from lpn to SO^m, Suitable atomisers for use in the 
method in accordance with the present invention are ultrasonic nozzles from Sono-Tek 
Corporation, Milton, New York, USA or Lechler GmbH of Metzingen Germany and 
Pneumatic nozzles or intersurgical chambers from Clement Clarke International. 


b< i utilised in the method in accordance with the present 


[0058J The apparatus which may 
invention may include a plurality of Atomisers. 


[0059] The functionalised po\ rdered $ub$trale may be post treated with any appropriate 

treatment, for example it may undeig< a plasma treatment. Post treatment is likely to involve 
the application of coatings or modification of the functionality. For example, a functionalised 
subsists may be post treated in a ran ge of plasma conditions, to e.g. oxidise or reduce the 
initial functionalising group attached to the substrate. 


[0060] Powdered substrates < 

various utilities. For example* a 
enhanced barrier (oxygen and/or mo^si 
organic particle such as a fragrance, 
compatibility could be achieved 
property modifying fillers in rubbers 
utilised for dispersions such as 
polymer materials and also 
processing may be improved by 
electrostatic properties. Specific 


oated by the method of die present invention may have 
based coating may give encapsulation through 
iture) properties and controlled release properties to an 
lavour, pharmaceutical or dyestuff. Improved 
for ljictal or metal oxide powders used as reinforcing or 
andpl&SticB. Improved compatibility may also be 
igments, antioxidants and UV stabilisers in 
formulated products such as paints and cosmetics. Powder 

ing characteristics such as flow > compatibility and 
fuiJtfionalitics maybe added to catalysts and catalyst 
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support to enhance or control reactivity- Also surface and pore properties of powders used as 
separation media or as support for separation media may be controlled. 

[0061J In one embodiment of the invention a statically electric charged porous plate 

or a vibrating sieve may be placed in line with the exit of the powdered substrate from the 
plasma region to collect the resulting powdered substrate. 

[0062] There are a wide variety of usee for powders functionahsed by the method ofthc 
present invention. These mclude:- 

i) Functionahsed crumb silicone and/or organic rubber (eg, Natural rubber, EPDM SBR and 
NBR), Polypiopylcuc tuid Thcnnoscls 

U. powdered rubber recycled from e.g. tyres made from particulates of varying sizes ranging 
from 200 to 1 500 pm for reuse in organic or silicone based composites. 

Functionahsed Nanoparticles for application onto flexible substrates for sensors, eg biosensor 
applications and for photonics applications e.g. luminescence and photonic crystals. 
FunctionaHsed organofimctional silicone resins for incorporation of said resins in a wide 
variety of compositions. Applications include, for example, adding flexibility and abrasion 
resistance in protective coatings used In the automotive industry. 

Functionalist conductive fillers for surface treatment of microprocessors mixed in silicone 
elastomers to protect filler surfaces from oxidation at high temperature and humidity level to 
prevent lower electrical conductivity. 

[0063J Functionahsed nanodispersions of TiOz in organopolysiloxane polymers with higher 
Refractive Indices for optical uses like artireflective coatings for display devices, intra-ocular 
and optical lenses, optical amplifying fibres, high Refractive index adhesives, photonic 
crystals or for cosmetic application eg, hair care composition with enhance shine. 

[00641 Tough resin adhesion to carbon, graphite gmphite fibres and more broadly glass 
quartz and stainless steel is very difficult. The targeted markets for use in the flexible 
electronics, solid state lighting, thin film batteries and photovoltaic cells. 
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[0065] Surface treatment of pigments as fillers e.g. T1O2, Carbon black, SiO* CaCOi. 
AI2O3. in aqueous and organic media while maintaining the theology, colour intensity, and 
hiding power properties c.g. a colour stabilisation nnd enhancement treatment, for use in 
automotive, coating, tyre and wood industries, low cost filler applications, 

10066] 3-Dimensional deposition in aqueous phase to improve the deposition yield of 
silicones either or both in the washing and rinsing cycles for fabric care application. 

10067) Encapsulation/functionalisation of actives specifically vitamins, sunscreens and 
fragrances for e.g, their delivery by controlled release. Surface activation to improve 
deposition of active ingredients onto specific substrateis and improved targeting to delivery 
active ingredients to specific sites of action- 
Use hi Physical or chemical stabilization nf active ingredients that are unstable to oxygen, 
heat and / or light 

10068J There is a need for an encapsulation process that is low cost, gives efficient 
protection and controlled delivery. The encapsulants must be water soluble or compatible to 
allow formulation and delivery of actives such as biomolecules: vitamins A, C> D, E; 
phospholipids, alkylpoly glucosides, betaine, sodium lauryi sulfate, fragrance, drugs, UV 
blockers, incompatible components like organic oils, dyes, which need protection for several 
months for stability against oxygen, water, and agglomeration. The encapsulants arc required 
for 4 distinct applications, encapsulated sunscreens, functionalized sunscreens, encapsulated 
vitamins A, C, E and controlled hypoallergenic fragrance release 

[0069 j Formulations of solid particles 

The formulation and compatibilisation of pigments for healthcare, fabric care, skin care, 
personal care and hair care (conditioners) is limited due to the surface chemistry and size of 
the particles. Nano-particles are not used today due to their tendency to aggregate, their high 
surface reactivity and for compatibility issues. There is a need for homogeneous treatment of 
pigment particles (S1O2, TiCfe, Fe*0 3 , ZnO, Clay, mica) for hydrophobic, lipophobic, 
hydrophilic properties as well as for electrical properties modification for better formulation 
compatibility. 
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[0070J Plasma generation of pigments can lead to nanoparticles for which the surface can 
he farther chemically activated by a simple plasma process. In-situ and direct formulation will 
allow small particles to be incorporated in media of choice. Furthermore, suitable pairs of 
pigments and liquid polymer or surfactants will allow stability in-situ. Small size of particles 
will provide various benefits such as transparency or scattering to light, different feci, high 
chemical reactivity, and long-term stability, 

[0071] Encapsulation and ftmctionalisation of micro and nano-particles should also be of 
interest for the coating industry. 

Improving compatibility pf silicones with organic actives, oils and polymers. 
Funclionalisation of filter media with various ligands, chemical groups, and enzymes be for 
selective separation* filtration, solid phase extraction. 

Surface activation & functiunalisaLion of mineral fillers (carbon black, clays, CaC0 3 , talc, 
silica) 

• Conductive fillers treatment for microprocessors 

• Ti02 nanodispersion in organopolysiloxane polymers 

• Ti02, Si02, Zi02, Fc203 and mixed oxides layers for high Refractive index 

• Si02 for low dieletric constant 

• ITO films 

• Multilayered coatings with variable properties* SolventlesR resin or in customers desirable 
solvent 

- Tough resin adhesion to graphite 

• Phosphorus particles encapsulation for Solid state lighting and LED 

• Activation/passivation of particles (metals, plastics) 

• Encapsulation of actives (sunscreen, dyes, vitamins, fragrance) 

• Compatibility of Chemicals 

• Compatibility & formulation of solid particles (personal care) 
« Surface treatment of pigments/fillers 
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• Pigment treatment for plastic adhesion 

• Separation membranes 

• PDMS 3D deposition on fabric in aqueous phase (washing/rinsing) 

• PDMS 3D deposition on fabric (tumble diyer) 

• Charging particles (+/-) 
•Powder coating 

• Graphite surface activation 

10072] The present invention will now be described further on the basis of the 

following examples and drawings in which :- 

Fig. 1 shows a schematic view of a means for generating excited and/or unstable gas species 
according to the invention; 

Fig. 2 schematically -shows a fluidised bed adapted to fit the means as shown in Fig. I 

Fig.3 is a detailed schematic drawing of a fluidised bed in accordance with the present 
invention. 

I0073] Referring to Fig, l t Fig 1 shows a means fbr generating excited and/or unstab le 

gas species 1 , having a inlet 2 to a gas homogenisation chamber 3 S an inlet 4 for a gas to 
enter the electrode configuration 15. The electrode configuration 15 comprises an. outer 
electrode 5 an inner electrode 6 and a layer of dielectric material on the inner electrode 7. 
The gap 9 between dielectric 7 and outer electrode 5 is adapted to receive and channel all gas 
entering inlet 4 from chamber 3 to an excited and or unstable gas species outlet slit 10. Gap 9 
is tubular and preferably has an axial length of up to 1 metre but is typically less than 50 cm 
long. The width of gap 9 is up to 100mm but h preferably less than 10mm. Slit 10 extends 
over the fiiH axial length of the system. 

[0074] Electrodes 5 and 6 are connected to a high voltage and high frequency electrical 
generator 8 operating at a frequency of greater than 15kHz and delivering a power of in the 
order of lOkW, 
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[0075] In use a gas to be rendered excited and/or unstable is introduced into 
hnmogenisation chamber 3 through inlet 2 and subsequently into the electrode configuration 
1 5. The gas is rendered excited and or unstable whilst in gap 9 wherein it forms a plasma or 
is subjected lo dielectric barrier discbarge or corona discharge. The charged species formed 
within gap 9 remain in gap 9, but the gas comprising excited and/or unstable species leaves 
configuration 15 through outlet 1 0 and forms a downstream region 1 1 in which region it 
interacts with precursor to form the powder and/or discrete gel particles in accordance with 
the present invention. A plume 40 is visible to the naked eye and is believed to be the result 
of previously excited and/or unstable species giving off energy when returning to their ground 
state after having existed in said excited state for a period of time in the in the downstream 
region. 

[0076] Fig.2 shows an embodiment of the invention where a means 1 in accordance with 
ihc invention b adapted for use in a fluidised bed 20, such that gas enters entrance 2 and 
subsequent to excitation of the type described in relation to Fig. 1 above leaves the 
configuration through exit slit 10 and enters the fluidised bed 20. The flow rate of the gas 
passing through means electrode configuration IS is such that it also acts as the fhiidising gas 
in the fluidised bed 20. The downstream region is identified 1 1 and the plume is seen at 40 
along the exit sliL 10. 

J00T7J Fig, 3 is a more detailed schematic drawing of a fluidised bed in accordance with the 
method of the present invention including a means of forming excited and/or unstable gas 
species la as described in conjunction with figs. 1 and 2. Alternative and/or additional sites 
for means of forming excited and/or unstable gas species are identified by numerals lb and 
lc. A means for introducing a liquid precursor SOa is provided at the top of the fluidised bed 
and an alternative and/or additional means for same is indicated at 50b. Preferably such 
meatus SOa and SOb introduce liquid precursor in the form of a liquid spray through an 
atomiser or nebuliser of the type described in the applicants co-pending application WO 
02/28548. A .slide valve 56 is provided immediately above the means of forming excited - ' 
and/or unstable gas species la, this is intended as a mews of preventing powder and 
precursor from entering electrode configuration 15 (Fig. 1) once the flow of gas through 
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means 1 has been switched. This valve may be replaced by the mesh as described previously 
where appropriate. Waste gases may be removed from the fluidised bed 20 via 52 and arc 
seen to be removable using a pneumatic conveying apparatus at the base of (ho fluidised bed 
54 


EXAMPLE 1 


[00781 Rice hull ash wo$ fed into a?L reaction chamber on which was attached tho post 
plasma source, A 1:1.2 mixture of 1,3^,7-tetramethylcyclotctraaIoxane in 1,3,5,7,9- 
pentamethylcyclo pentasiloxanc was sprayed via a pneumatic nebulisation nozzle into the 
post plasms reactor and within tb$ post discharge atmospheric plasma phase and thus over 35 
min. The reactive gas mixture was 250 1/min of nitrogen (N 2 ), The power of the post 
discharge atmospheric plasma is 2,200 W. The resulting treated rice hull ash was recovered 
and fiirthcr analysed. The composition of the resulting treated rice hull ash was determined by 
Si MAS NMR spectroscopy. The powder was functionaliscd with an organosilicon material 
of D H TQ composition. NMR result also indicated covalent reaction between the surface of 
the rice hull ash substrate with organosilicone material. It was found thai the treated rice hull 
ash was floating on water whereas the untreated rice hull ash substrate sank. 
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CLAIMS 

1 . A method of fiinctionalising a powdered substrate, which method comprises 

the following steps:- 

passii\g a gas into a means for forming excited and/or unstable gas species.; 

treating said gas such that upon leaving said .means the gas comprises excited and/or unstable 
gas species which sane substantially free of electric change; at a temperature below 400 fl C 
treating the powdered substrate with said excited and/or im$table gas species and a 
function alising precursor both of which have not been subjected to steps (i) and (ii); in a 
downstream region external to the means for forming excited and/or unstable gas, wherein 
said fbnctionalising precursor is introduced sijnultancnnsly with or subsequent to introduction 
of the powdered substrate; . < * 

collecting resulting funuLioiiulised substrate. 

2. A method in accordance with claim 1 wherein the means to generate excited 
and/or unstable gas species is an electrical discharge apparatus. 

3. A method in accordance with claim 1 or 2 wherein the powdered substrate 
and/or functionaltsed precursor is/are treated by the excited and/or unstable gas 
species in a container. 

4. A method in accordance with claim 3 wherein the container is a fluidised bed 
and/or circulating bed reactor. 

5. A method in accordance with claim 4 wherein the gas comprising excited and/or 
unstable gas species is utilised as the gas in the fluidised or circulating bed for 
suspending powders, and/or droplets of liquid. 
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6, A method id accordance with any preceding claim wherein the liquid and/nr gas 
functionalising agent is in the fonn of a liquid compound, a solution of a high 
viscosity liquid or solid compound in cither a liquid carrier or a liquid co- 
reacti ve and/or a molten solid. 

7- A method in accordance with claim 6 wherein the liquid functionalising 

precursor comes into contact with the powder substrate in or not in the presence 
of the excited and/nr unstable gas species. 

S. A inisihod in accordance with any preceding claim wherein the fimctionalised 

precursor is introduced in the fonn of an atomised liquid- 
s'. A method in accordance with claim 3, 4 or 5 wherein the atomised liquid is 

introduced into the container at any position by direct injection. 

10. A method in accordance with any one of claims 1 to 5 wherein the liquid and/or 
gas functionalising agent is an organomctallic compound of titanium, 
zirconium, iron, aluminium, indium and tin or mixtures containing one or more 
thereof,. 


1 1. A method in accordance with any one of claims 1 to 5 wherein the liquid and/or 
gas functionalising agent is an organometalloid compound of germanium or 
silicon. 

12, A method in accordance with claim 10 wherein the organometalloid compound 
is selected from an organosilane and an inorganic silane where the inorganic 
groups are selected from halogcno, hydrogeno, or hydroxyl groups, and mixtures 
thereof. 


1 3, A method in accordance with claim 1 1 wherein the organosilane is a 

functionaliscd silane containing one or more of the following organic groups 
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bearing functionalities such as:- alkenyl, aryl, H, OH, ammg groups, aldehytfe 
groups alkyl halide groups, alkyne groups amido groups, carbamate groups, 
uretfaane groups, organic salts, carboxylic acid groups and their derivatives such 
as acid anhydride groups, organic groups containing boron atoms, or 
phosphorus, or sulphur containing groups such as mercapto, or sulphido groups 
or grafted or covalently bonded biochemical groups such as amino acids and/or 
their derivatives, grafted or covalently bonded biochemical species such as 
proteins, enzymes and DMA. 

14. A method in accordance with claim 10 wherein the organometalloid compound 
is an organopolysiloxane having a viscosity of from 0.65 to 1000 mPa.s. 

15. A method in accordance with any one of claims 1 to 5 wherein the 
functionalising precursor is an organic compound. 

16. A method m accordance with any one of claims 1 to 14 wherein the powder substrate is 
selected (torn one or more of a compound selected from the group of a metallic oxide, a 
metalloid oxide, a mixed oxide, an organometallic oxide, an organometalloid mode, an 
organomixed oxide resin , and/or an organic resin , 

17. A method in accordance with any erne of claims 1 to 14 wherein the powdered 
substrate isselected from one or more of the following:- 
metals, metal oxides, silica' and silicates > carbon, carbon nanotabes, carbon and silicon nano structures, 
organic powdered substrates, including polymeric, dyestufis, fragrances, flavourings, 
pharmaceutical powdered substrates such as penicillins and antibiotics as well as biologically 
active compounds for example proteins, including grafted or covalently bonded biochemical 
groups such as amino acids and/or their derivatives, grafted or covalently bonded biochemical 
species such as proteins, enzymes and DNA and other protein based materials, silicone resins, 
mineral fillers such as for example carbon black, clays, CaCCb, talc, silica, biogenic silica, mica 
conductive fillers, TiCfe nanoparticles, metal oxides such as HQ* ZK> 2 , Fe 2 03. AliO* S1O2, 
B2Q3, L12O, NaaO, Pb0 9 ZnO> or, CaO, Pb30 4 and CuO and mixed oxides, graphite, 
phosphorus particles, organic and inorganic pigments and the like; metalloid oxides, mixed 
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oxide, organoinetallic oxides* organometalioid oxides, organomixed oxide resins and/or an 
organic resin, sodium carbonate potassium nitrate, silicon metal particles, silicone rubber 
crumb, organic rubber crumb such as EPDM and polypropylene, wood dust and/ar plastics. 

1 8. A powder substrate according to claim 1 5 that has been functionalised according to 
functionalities described in claims 9,10,11,12. 

19. A powder in accordance with claim 15 having a particle 
size or from lnm to 20 mm. 

20. An apparatus Tor making fbnctionalised particles by the method of claims 1 to 14 or 

16comprising a means for generating an excited and/pr unstable gas species, a means 
adapted to introduce the powder substrate, and a means to introduce a gaseous and/or 
liquid precursor into said excited and unstable gas species in a downstream region 
external lo tbe means forming excited and/or unstable gas, and a means for collecting 
resulting functionalised powder. 

21 . An apparatus in accordance with claim J 9 wherein said apparatus forms a part of a 
fluidised or circulating bed, 

22. An apparatus in acconJanoe with claim 19 or 20 wherein the means adapted to 
introduce a gaseous and/or liquid precursor is an atomiser. 

23. An apparatus in accordance with any one of claims 19 r 20 or 21 wherein means for 
generating an excited and/or unstable gas species is an electrical discharge assembly. 

24. Use of functionalised powder particles in accordance with any of claims 1 5 to 1 8 in 
Optoelectronics, photonics, flexible electronics, optical devices, transparent 
electrically conductive films, displays and solar cells or as thermally conductive 
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fillers, biotechnology, biosensors, detergents, filtration, household cleaning, rubber 
and plastic recycling, and or separation applications. 

25. A funetionalised powder obtainable by the method in accordance with any one 
of claims I to 16. 

26. A method as hereinbefore described with reference to the drawings. 
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